We examined the effects of maternal age and parity on litter size in 2 populations of white-footed mice (Peromyscus leucopus) in southwestern Ontario, Canada, to determine whether these factors cause seasonal variation in litter size. Litter size increased from 1st to subsequent litters among females that bred for the 1st time in their natal year, but not among females that 1st bred as overwintered adults. Thus, prior reproductive experience was not an important determinant of litter size. Maternal age accounted for approximately 70% of the variance in litter size; mean litter size was greatest among females between 150 and 250 days of age at parturition. Date of birth explained 79% of the variation in mean litter size, with litters born in summer significantly smaller than those born in spring or autumn. This effect was attributed to the fact that most summer litters were produced by primiparous young-of-the-year females. Although litter size declined among old, multiparous females, few individuals survived to the age at which reproductive senescence was apparent. Thus, reproductive senescence plays a minor role in population-wide variation in litter size.
Age at reproduction is a pivotal component of life history (Bell 1980; Harvey and Zammuto 1985) , and the costs and benefits of early and delayed maturation play a role in the evolution of reproductive strategies. Early maturation might be beneficial because the probability of survival to maturation is high (Bell 1980 ) and generation time is short (Cole 1954; Hamilton 1966) . However, if reproduction occurs before growth is complete, initial fecundity could be low compared to females that delay maturation (Kozlowski 1992; Stearns 1992) . If maternal age affects life-history trade-offs in terms of fecundity and survival, the optimal strategy for investment in reproduction might vary with age Houston 1992, 1996; Morris 1992a Morris , 1996a .
In short-season populations of Peromyscus, variance in age at 1st reproduction is low because most births occur within a short period during the summer, and few females reproduce in their natal year (Gilbert and Krebs 1981; McAdam and Millar 1999; Teferi and Millar 1993) . However, in populations that breed over much of the annual cycle, females that are born early in the season reproduce in their natal year (Goundie and Vessey 1986; Rintamaa et al. 1976; Schug et al. 1991; Terman 1993) , but those born late in the season do not (Dapson 1979; Howard 1949; Jacquot and Vessey 1998; Millar et al. 1979 ). In these populations, age at 1st reproduction varies from a few weeks to a few months of age. This variance in age at 1st reproduction could lead to selection for age-specific optima in other life-history variables, such as litter size.
Litter size variation in Peromyscus has been studied intensely (Millar 1989) and has been correlated with environmental and intrinsic factors (Myers et al. 1985) . Litter size is positively correlated with maternal variables such as parity (Drickamer and Vestal 1973; Fleming and Rauscher 1978; Goundie and Vessey 1986; Keane 1990; Lackey 1978; Millar 1982 Millar , 1985 Morris 1992a; Myers and Master 1983; Ribble and Millar 1992 ; but see Jacquot and Vessey 1998; Morris 1986) and mass (Caldwell and Gentry 1965; Earle and Lavigne 1990; Goundie and Vessey 1986; Lackey 1976; Millar 1985; Morris 1992a Morris , 1992b Myers and Master 1983) . Maternal age per se has not been shown to affect litter size (Fleming and Rauscher 1978; Jacquot and Vessey 1998; Millar 1982 Millar , 1985 , but its effects are difficult to assess in natural populations because it is often confounded with respect to parity and body size. The variation in age at 1st reproduction observed in long-season Peromyscus populations permits the independent evaluation of parity and maternal age as factors determining litter size.
Seasonal variation in litter size of Peromyscus is common (Dapson 1979; Judd et al. 1984; Millar 1978; Millar et al. 1979; Morris 1996a Morris , 1996b ; but see Goundie and Vessey 1986; Jacquot and Vessey 1998; Krebs and Wingate 1985; Millar and Innes 1985) and might result from population-level changes in maternal variables important to optimal litter size. Morris (1996a) observed in a population of white-footed mice (Peromyscus leucopus) in southwestern Ontario that large females produced smaller litters in autumn than in spring, but the distribution of litter sizes produced by small females did not vary seasonally. In another study, Morris (1996b) concluded that large females with small litters in autumn are senescent overwintered females. However, the observation that some large females produced very large litters in autumn could not be explained by the senescence hypothesis. These studies could not resolve the effects of parity and maternal age on seasonal variation in the distribution of litter sizes because precise information about these variables was unknown. Autumn litters might be produced by females breeding for the 1st or subsequent times in their natal year or by long-lived females breeding in their 2nd year. Overwintered females breeding in the spring might or might not have bred in the previous year, and early-born females might breed in the spring of their natal year. Information concerning the reproductive histories of individual females would contribute significantly to understanding the ultimate causes of seasonal variation in litter size.
The purpose of this study was to examine the effects of maternal age and parity on litter size to test the hypothesis that maternal age rather than prior reproductive performance is an important determinant of litter size in P. leucopus. We predicted that primiparous young-of-the-year females produce smaller litters than primiparous overwintered females due to the difference in maternal age between these groups. Furthermore, we predicted that seasonal variation in litter size results from changes in the proportion of litters produced by primiparous and multiparous young-of-the-year and overwintered females. Finally, we predicted that large litters in the autumn represent the 2nd and 3rd litters of early-born young-of-the-year females.
MATERIALS AND METHODS
Study areas.-We used nestboxes attached to trees to monitor 2 populations of P. leucopus noveboracensis in southwestern Ontario, Canada. Site 1 was monitored from 1992 to 1998 and consisted of 50 randomly located stations of 2 nestboxes, each in a 17-ha deciduous forest surrounded by agricultural land Millar 1996, 2000) . Site 2 was monitored from 1994 to 1997 and consisted of 103 stations of 1 nestbox each, approximately 20 m apart, in a 2.5-ha plot within a deciduous forest. The sites were approximately 8 km apart, and the dominant tree species (maple [Acer], beech [Fagus grandiflora], and hickory [Carya] ) were similar between sites. We monitored both sites weekly from April to December in each year (nestboxes were not occupied during winter months).
Field methods.-We applied uniquely numbered ear tags to all mice at 1st capture and recorded tag number, age category, reproductive condition, and body mass at each capture. We assessed age category on the basis of pelage characteristics (i.e., gray pelage ¼ juvenile; brown pelage ¼ adult; molting ¼ subadult) and recorded females as nonbreeding, pregnant (distended abdomen), lactating (distended and/or hairless nipples), or pregnant and lactating. Litters of young with
eyes not yet open were not tagged but were counted, and their developmental stage (i.e., naked ¼ neonate; furred ¼ nestling) was recorded.
Estimation of parturition date.-We identified mothers by observing a lactating female in a nestbox with dependent young (neonates, nestlings, or juveniles). We estimated parturition date on the basis of the developmental stage of the young at 1st observation. Neonates were estimated to be 3 days old and nestlings to be 10 days old Millar 1996, 2000) . We estimated the age of young 1st observed as juveniles by their body mass. The relationship between mean mass of juveniles in a litter (weighted by litter size) on age in days for 34 litters 1st observed as neonates and subsequently observed during lactation was described by the regression equation
where Y is mass in grams and x is age in days (F ¼ 68.2, d.f. ¼ 1, 32, P , 0.001, r 2 ¼ 68.1%). On the basis of this equation, juveniles 10.5 g were estimated to be 21 days old; 11.0-13.5 g were 28 days old; and 14.0-15.5 g were 35 days old. These values are consistent with those observed under laboratory conditions (Layne 1968) . In 34 litters observed both as neonates and as juveniles, litters declined by approximately 0.7 offspring from birth to weaning (paired t-test t ¼ À2.85, P ¼ 0.007), regardless of season of birth (
Thus, age of offspring at 1st observation was a potentially confounding effect and was considered in all analyses.
Estimation of maternal age and overwintered status.-We considered females that were 1st observed as subadults or younger to have reproduced as young-of-the-year or as overwintered adults, depending on whether breeding occurred in the natal or in the subsequent year. Natal year could not be determined for most females that were 1st observed as adults; however, females 1st observed as adults in early spring (i.e., within the first 3 weeks of sampling) were considered overwintered. We estimated maternal age (days) at parturition for females that were 1st observed as neonates, nestlings, or juveniles weighing 15.5 g and that eventually produced litters that were also 1st observed as neonates, nestlings, or juveniles weighing 15.5 g.
To assess the effect of maternal age on litter size, we created categories of maternal age at parturition (range ¼ 42-492 days) by dividing this age range into eighteen 20-day intervals and assigned litters to each interval. We used mean litter size in each 20-day interval as the dependent variable and median maternal age in each interval as the independent variable in a quadratic regression weighted by the number of litters in each maternal age interval. We used these variables rather than raw data in order to remove variability due to estimation of maternal age. Four litters of 2 females .400 days old at parturition were excluded because each 20-day age class .400 days contained only 1 litter.
Estimation of parity of litters.-Mean age at 1st parturition of young-of-the-year females was determined from 68 females 1st observed as neonates, nestlings, or juveniles weighing 15.5 g that were observed at least 4 times by 10 weeks of age. All 68 were observed in reproductive condition (i.e., pregnant and/or lactating) by this age, and 53 were observed with litters. For these 53 females, parturition date was estimated on the basis of the developmental stage of the young at 1st observation. For the remaining 15 females, parturition date was estimated as the mean date between last observation as pregnant and 1st observation as lactating following a drop in mass of !5 g. On the basis of this sample, mean age at 1st parturition was 57.5 d 6 8.52 SE. Thus, a young-of-the-year female observed in reproductive condition at 10 weeks of age was considered primiparous. We also considered females that were 1st observed as subadults (,16.5 g) and were in reproductive condition within 2 weeks of 1st capture to be primiparous. Overwintered females were considered primiparous if they were 1st observed as juveniles or subadults (,16.5 g), were not observed in reproductive condition (with intervals between captures never exceeding 3 weeks) in the natal year, and were in reproductive condition within the first 3 weeks of the subsequent breeding season.
We determined parity of subsequent litters from the reproductive condition of females following the weaning of the 1st litter. We restricted our analyses of parity only to those females for which there was a high degree of confidence that all reproductive events were observed. Gestation during lactation in P. leucopus lasts approximately 28 days (Lackey 1978; Svihla 1932) ; thus, parity was assigned only to litters born 48 days after the previous litter. If a female was observed to be lactating after weaning a litter, but prior to conception of the next recorded litter, an unrecorded litter was assumed to have been born in the interim, and the sequence of observed litters was adjusted to reflect the missing litter. We could not determine complete reproductive histories for all females; sample sizes in each category are summarized in Table 1 .
Assessment of seasonal trends.-To assess seasonal trends in litter size, we divided the breeding season into eleven 20-day intervals and assigned litters to intervals on the basis of their estimated date of birth. Litters born in the 1st four 20-day intervals (i.e., before 24 June) were considered to be born in spring, in the next 4 intervals (24 June-12 September) in summer, and in the last 3 intervals (after 12 September) in autumn. Mean litter size in each 20-day interval was regressed on median date in each category. The quartic regression was weighted by the number of litters in each interval.
RESULTS
Mean litter size did not vary among years at site 1 or 2 (F ¼
Thus, we pooled data among years and between sites. The start of the breeding season was relatively constant among years; mean date of 1st parturition in 1993-1998 was 6 April 64 days. In 1992, monitoring began approximately 2 weeks later than in subsequent years. Data from 1992 were included in seasonal analyses, but litters of overwintered females born in early spring 1992 were excluded from parity analyses. Median date of parturition varied among years (Kruskal-Wallis H ¼ 24.9, d.f. ¼ 5, P , 0.001) because relatively few litters were born in autumn 1995. Excluding data from 1995, mean date of last parturition was 25 October 64 days.
Parity and overwintered status affected litter size.-Overwintered status and parity interacted in their effects on litter size (2-way analysis of variance [ANOVA] F ¼ 4.8, d.f. ¼ 2, 142, P ¼ 0.01; Fig. 1 ). Among young-of-the-year females, 1st litters were small, but litter size increased among subsequent litters born in the natal year (Fig. 1) . Among overwintered females, 1st and 2nd litters were large, but litter size declined among subsequent litters (Fig. 1) . First litters of young-of-theyear females were significantly smaller than those of overwintered females (4.0 6 0.14 versus 5.2 6 0.24; F ¼ 8.5, d.f. ¼ 1, 106, P ¼ 0.004; Fig. 1 ). Mean age of offspring at 1st observation varied with parity and overwintered status (F ¼ 2.9, d.f. ¼ 3, 144, P ¼ 0.04), such that litters of primiparous overwintered females were older at 1st observation than those of multiparous overwintered females. Thus, the true difference in mean litter size between these groups might have been even greater than what we report. Third and 4th litters of overwintered females were all observed as neonates or nestlings; thus, small litter sizes observed in this category were not due to sampling error associated with bias in age at 1st observation.
Litter size varied with maternal age.-There was no relationship between mean age of offspring at 1st observation and maternal age (F ¼ 0.2, d.f. ¼ 1, 16, P ¼ 0.6), so this factor was dropped from the regression model. Maternal age explained approximately 70% of the variance in mean litter size in each 20-day age category,
where Y is mean litter size and x is median maternal age in each category (F ¼ 17.4, d.f. ¼ 2, 15, P , 0.001; Fig. 2 ). Litter size was small among young females, increased to a peak between approximately 150 and 250 days of age, and declined in older females (Fig. 2) . Mean litter size was lower in summer than in spring or autumn.-Litters in early spring were older at 1st observation than litters born later in the season (F ¼ 1.9, d.f. ¼ 10, 379, P ¼ 0.05). To correct for this effect, only litters 1st observed as neonates (n ¼ 108) were used for analysis of seasonal (Table 2 ). Litters in summer were produced mostly by primiparous young-of-the-year and old overwintered females (Fig. 4) .
DISCUSSION
Maternal age at reproduction accounted for most of the observed variation in litter size, and seasonal variation in litter size is a direct result of the proportion of females of different ages reproducing throughout the breeding season. First litters were smaller than subsequent litters among females primiparous in their natal year, but not among females primiparous as overwintered adults. Thus, parity itself (i.e., prior reproductive experience) was not an important determinant of litter size. The curvilinear relationship between litter size and maternal age (Fig. 2) suggests a triangular age-specific fecundity function (Roff 2002) . This age schedule of fecundity is common in many taxa, including arvicoline rodents (Krohne 1981; Negus and Pinter 1965 ; but see Tkladec and Krejčová 2001) . The shape of this function suggests 2 questions: Why do young females produce smaller litters than females in their prime? Why does litter size decline in older females?
Several factors could contribute to small litter sizes among young females relative to older females. At the life history level, trade-offs between current and future reproduction, or between growth and reproduction, might limit investment in primiparous litters. A trade-off between current and future reproduction might give rise to relatively low reproductive performance among 1st-time breeders whose residual reproductive value is high (Pianka and Parker 1975; Williams 1966 ). Brood size is positively correlated with age in several species of birds (Finney and Cooke 1978; Haymes and Blokpoel 1980; Pugesek and Diem 1983) and mammals (Dobson and Michener 1995; Festa-Bianchet and King 1991) . However, among small mammals such as P. leucopus, investment in current reproduction might have little effect on future reproduction Morris 1986 Morris , 1992a because energy requirements of reproduction are met primarily by increased food intake rather than depletion of body stores (Millar 1975; Millar and Schieck 1986; Stearns 1992; Tuomi et al. 1983 ). Furthermore, high extrinsic mortality rates decrease residual reproductive value (Jacquot and Vessey 1998; Künkele 2000; Morris 1992a ), causing selection for high investment in reproduction at all ages. Thus, trade-offs between current and future reproduction are unlikely to explain small litter sizes among primiparous young-of-the-year females.
Trade-offs between growth and reproduction might lead to differences in optimal allocation of resources to reproduction, depending on the attainment of adult size prior to 1st reproduction (Kozlowski 1992) . Little information is available concerning growth after the juvenile period, but skeletal size is smaller among young-of-the-year females than among overwintered females (Morris 1996b) , and females ,1 year old are lighter than older mice under laboratory conditions (Burger and Gochfeld 1992) . Presumably, females that are 60 days old when they give birth have not attained full size; thus, the energetic demands of somatic growth might limit resources available for reproduction. A trade-off between growth and reproduction can occur only if allocation to these 2 processes is derived from a limited pool of resources (Tuomi et al. 1983) . If P. leucopus can meet the energy demands of reproduction through increased food intake, how might such a limitation occur? A fixed ceiling on energy expenditure could be set extrinsically by limits on the rate of energy intake (Weiner 1992) or intrinsically by limits to rate of energy assimilation or utilization by various tissues and processes (Hammond and Diamond 1992; Hammond et al. 1996; Karasov and Diamond 1985; Weiner 1992) . The maximum sustainable metabolic rate is intrinsically linked to resting metabolic rate because mechanisms that compensate for central limits on energy expenditure (e.g., gut and liver hypertrophy to increase energy uptake and assimilation) are metabolically costly themselves (Hammond and Diamond 1997; Speakman and McQueenie 1996; Weiner 1987) . Under these limitations, growing animals must either suspend growth during reproduction to maximize their commitment to reproduction or curtail reproduction in order to maintain somatic growth. Inefficiency of converting energy to offspring production might also limit reproductive performance of primiparous females. Primiparous females might expend more energy than multiparous females to produce the same number of offspring (Künkele and Kenagy 1997) or might produce smaller litter sizes than multiparous females at the same level of energy expenditure during peak gestation and lactation (Künkele 2000) . It is possible that the inefficiencies observed in these studies reflect the cost of growth in young animals. Greater understanding of the reproductive energetics of P. leucopus in natural populations is needed to determine why young females produce smaller litters than older females.
A 2nd category of proximate factors limiting reproductive output in young females can operate without a trade-off between growth and reproduction. This could include ecological factors such as behavioral skills, territory quality, or social factors (Becker et al. 1998; Gomendio 1989; Millar 1989; Wang and Novak 1994) . Young animals might be less efficient foragers (Becker et al. 1998) or occupy suboptimal territories compared with older individuals. Previous studies have shown that litter size varied among habitats within populations of Peromyscus. (Morris 1992a (Morris , 1992b Sharpe and Millar 1991) . Territorial effects might contribute to the high reproductive output of primiparous overwintered females compared with young-of-the-year females. Females breeding for the 1st time as overwintered adults do so when population densities are low and thus may establish home ranges in resource-rich habitats, whereas females breeding for the 1st time when population densities are higher might be forced to occupy poorer quality territories.
A final consideration in evaluating small litter sizes among young females is the potential trade-off between offspring number and offspring size. Offspring size is correlated inversely with litter size in several species, including P. leucopus (Fleming and Rauscher 1978; Glazier 1985; Millar 1975; Myers and Master 1983; Rogowitz and McClure 1995; Sikes 1995a Sikes , 1995b Sikes , 1998 . However, these differences might not persist after weaning because of compensatory growth of offspring after they begin ingesting solid food (Millar 1975; Sikes 1998 ). Information about recruitment from litters of different sizes among young and older females might help determine whether trade-offs between offspring quality and are involved in age-specific variation in litter size.
Reproductive senescence is usually attributed to antagonistic pleiotropy (selection for traits deleterious late in life if they increase early survival or reproduction) or the disposable soma hypothesis (reproduction occurs at the expense of somatic maintenance when expectation of survival to future reproduction is low- Kirkwood and Rose 1991; Promislow 1991; Williams 1957) . In this study, litter sizes declined among old (.260 days) females, providing further evidence for reproductive senescence in Peromyscus (Fleming and Rauscher 1978; McMillan et al. 1997; Millar 1994; Morris 1996b ; but see Slade 1995) . The effects of maternal age cannot be separated from parity among old females because all old females are multiparous. However, longevity was rare in this population, as in other Peromyscus populations (e.g., Goundie and Vessey 1986; Schug et al 1991) . Only 3.6% of females in this study (29 of 811 females observed as juveniles) survived to the age at which senescence is apparent. Thus, reproductive senescence contributes little to population-level variation in litter size.
Mean litter size increased from early to late spring, declined in summer, increased in midautumn, and decreased at the end of the breeding season. The summer decrease is explained by the age structure of the summer breeding population. Most of the litters born in summer were those of primiparous young-ofthe-year females (73%), with the remainder produced by multiparous young-of-the-year females (22%) and multiparous overwintered females (5%). Litters of multiparous overwintered females were smaller in summer than in spring, and litters of multiparous young-of-the-year females were smaller in summer than in autumn. Thus, small litter sizes in all categories of summer breeders lead to seasonal variation in litter size. The decline in litter size of multiparous overwintered females from spring to summer can be attributed to increasing maternal age (senescence). However, maternal age was not the factor underlying the observed increase in litter size among multiparous young-of-the-year females from summer to autumn. Environmental effects, such as higher levels of food resources in autumn compared with summer, might contribute to a facultative response in litter size. Alternatively, large litter sizes in the late season might be a consequence of unpartitioned resources devoted to the last litters of the year. During concurrent gestation and lactation, energy is partitioned between 2 litters (Morris 1986 ). Females breeding in autumn are less likely to be simultaneously pregnant and lactating than those breeding in summer; thus multiparous young-of-the-year females in autumn might be able to support larger litters than those breeding earlier in the season. Litters born before the spring peak and after the autumn peak were slightly but significantly smaller than those during these peaks. It is possible that low temperatures at the extremes of the breeding season have had an effect on reproduction. In laboratory studies of Peromyscus, total energy costs during reproduction vary considerably with litter size (Fleming and Rauscher 1978; Glazier 1985; Millar 1975 Millar , 1978 . Thus, increased energy costs associated with cold temperatures at the beginning and end of the breeding season might limit the resources available for reproduction, resulting in reduced litter size.
In general, our findings suggest that maternal age at reproduction contributes significantly to seasonal variation in litter size in this population. Information regarding recruitment in litters of various sizes produced over a range of maternal ages will elucidate the role that alternative reproductive strategies play in seasonal variation in litter size in this species.
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